It is probable that no two engine companies determine the life of their engines or their components in the same way or apply the same experience and safety factors to their designs. Knowing the failure mode that is most likely to occur minimizes the amount of uncertainty and simplifies failure and life analysis. Available data regarding failure mode for aircraft engine blades, while favoring low-cycle, thermal mechanical fatigue as the controlling mode of failure, are not definitive. Sixteen high-pressure turbine (HPT) T-1 blade sets were removed from commercial aircraft engines that had been commercially flown by a single airline and inspected for damage. Each set contained 82 blades. The damage was cataloged into three categories related to their mode of failure: (1) Thermalmechanical fatigue, (2) Oxidation/Erosion, and (3) Other. From these field data, the turbine blade life was determined as well as the lives related to individual blade failure modes using Johnson-Weibull analysis. A simplified formula for calculating turbine blade life and reliability was formulated. The L 10 blade life was calculated to be 2427 cycles (11 077 hr). The resulting blade life attributed to oxidation/erosion equaled that attributed to thermalmechanical fatigue. The category that contributed most to blade failure was "Other." If there were there no blade failures attributed to oxidation/erosion and thermal-mechanical fatigue, the overall blade L 10 life would increase approximately 11 to 17 percent.
forced cooling is it possible for metals to be used under such harsh conditions. All commercial aircraft gas turbine engines use some form of nickel-or cobalt-base superalloy that has been intentionally strengthened and alloyed to resist high stresses in a high-temperature oxidizing environment. 4 T DRAFT 3 American Institute of Aeronautics and Astronautics Aircraft engine turbine blades are not life-limited parts; that is, they can be used until they are no longer repairable, unlike limited life parts that must be removed after a specified amount of time or cycles, even if they appear new. The blades undergo regular inspections that result in no action, repair, or removal for cause. In this paper, a blade is considered failed when it is no longer fit for service and must be either repaired or replaced.
It is believed that the primary failure mechanism in turbine blades is thermal-mechanical fatigue (TMF). TMF cracks usually appear along the leading or trailing edge of the first-stage high-pressure turbine (HPT) T-1 blade. 5 Also, because the turbine blades are exposed to highly corrosive and oxidizing combustion gases and the loss of metal by scaling, spalling, and corrosion can cause rapid failure.
Turbine blade materials have creep-rupture resistance to minimize creep failure at high speed and temperature for extended periods. Initially, the time to removal of these blades is determined by a creep criterion that is deterministic or is not assumed to be probabilistic. Material test data are used to predict rupture life based on calculated stress and temperature. This criterion is dependent on time exposure at stress and temperature. 1 Blade coating life is another time-limiting criterion for removal and repair. The blades usually are removed when the engine is removed from service for other reasons, and, as necessary, the remaining coating is removed by chemical stripping or machining and is replaced. The coating life usually does not dictate blade replacement, only repair. 1 Besides the time-life limitation of creep, the limiting time for blade replacement is high-cycle fatigue (HCF) life.
As with low-cycle fatigue (LCF), HCF is probabilistic. The blades are subject to vibratory stresses combined with mechanical stresses from centrifugal loads, gas aerodynamic loads, and thermal loads. 1 The failure modes for each blade in a turbine blade set are competitive. Knowing the blade failure mode that is most likely to occur minimizes the amount of uncertainty and simplifies failure and blade life analysis. Available data regarding failure mode, although favoring low-cycle, thermal-mechanical fatigue as the controlling mode of failure, are not definitive.
There are several other major contributors besides the competing failure modes that contribute to turbine blade set life uncertainty. First the data are quantal-response data. This means that the data are either censored on the left (before failure occurs) or censored on the right (failure has not occurred by a defined time). This situation arises when each blade is inspected only once and is determined to have failed or not failed. For turbine blade data, this DRAFT 4 American Institute of Aeronautics and Astronautics type of information can be useful for reliability studies if the failed blades can be clustered by age (time to failure) at inspection (and the range of ages is large relative to the part life). 6 In 1939, W. Weibull 7-9 is credited with being the first to suggest a reasonable way to estimate fracture strength with a statistical distribution function. He also applied the method and equation to fatigue data based on small sample (population) sizes. Leonard Johnson 10 while with the GM Research Center in the 1950s and 60s is credited with coming up with a practical engineering analysis based on the Weibull distribution function. [7] [8] [9] Johnson, using the Weibull distribution function to evaluate fatigue data, provides a means to evaluate censored data and to extract from these data the lives of the individual components that affect the system life.
In view of the aforementioned, it becomes the objectives of the work reported herein to (1) determine turbine blade life from turbine engine field data using Johnson-Weibull analysis, (2) determine the turbine blade life related to individual blade failure modes, and (3) provide a simplified formula for determining turbine blade life from field data for engine turbine blade sets.
II. High-Pressure Turbine T-1 Blade Sets

A. Engine Operation and Repair
When a new aircraft engine is introduced into an airline fleet, one of the first questions asked is what will be the average time (hr) between overhaul or refurbishment of the high-pressure turbine (HPT) T-1 blades. Typically, for a new engine program the airlines bring the engines in early for overhaul, for example, approximately at 10 000 hr. As the airlines gain experience and confidence with an engine type, the time to refurbishment is increased for first-run engines, for example, at 22 000 hr. After refurbishment, second-run engines probably get around 15 000 hr on the wing. The hot section is typically overhauled when the engine is removed from service. 1 The typical hour-to-cycle ratio depends on the airline operator. Short-haul airline operation typically runs between 1 to less than 4 hr/cycle. Long-haul, coast-to-coast airline operation in the continental United States typically runs between 4 to 6 hr/cycle. For other airline operations, the average can be 6 to 13 hr/cycle. These numbers play an important part in the overhaul process. It is expected that for the shorter cycle engines there will be more deterioration on the hot-section parts on the engines that have a shorter time cycle, implying that the deterioration is cycle dependent rather than time dependent. American Institute of Aeronautics and Astronautics When an aircraft engine is removed from service for cause and shipped to the refurbishment shop, the engine and the performance of its individual module are evaluated and the root cause of removal determined. If the engine is removed for performance or hardware deterioration or major part failure, the engine will be, in most cases, completely broken down into modules: for example, compressor, turbine, auxiliary gearbox, and so forth. Each module will then be refurbished. 1
B. HPT T-1 Blades
A photograph of the blade type studied in this report is shown in Fig. 1(a) . The blade is made from a singlecrystal nickel-based alloy and plated using plasma vapor deposition (PVD) to provide oxidation and corrosion resistance. The blade material and coating chemistries are given in Table 1 . 11 The blade section is approximately 71 mm (2.8 in.) in height and has a cord length at the tip of approximately 37 mm (1.46 in.). The height from the blade root to the blade tip is approximately 118 mm (4.65 in.). The blade weighs approximately 277 g (0.611 lb).
There are 82 blades in a T-1 blade set for the particular engine application studied. 
x elements of proprietary composition, x1 > x2 …etc A total of 82 blades is inserted around a T-1 turbine disk. The resulting tip-to-tip diameter of the blades is approximately 0.93 m (36.5 in.). The blades are spun at a speed of approximately 9126 rpm during cruise, or 84.5 percent of the maximum speed of 10 800 rpm. Loading on the blades is due to centrifugal load, thermal loads from heating of the blades, aerodynamic loads from impingement of the hot combustion gases against the blade, and vibratory loads due to blade rotation. A load and stress analysis of these blades was beyond the scope of this paper.
An engine is borescoped periodically to determine its health. It is not uncommon to find that the HPT blades deteriorate in service because of the extreme operating conditions they encounter. Even when an engine is operating properly, it can experience some form of hardware deterioration of the high-pressure turbine (HPT) T-1 blades.
Such a failed blade is shown in Fig. 1(b) . At the time of removal this blade had run 15 000 hr (2700 cycles). The condition is typical for this time period.
C. Blade Failure Criteria.
For the purpose of this report, blade failure is defined as the blade being no longer fit for its intended purpose but still capable of functioning for a limited time until being removed from service. Depending on the condition of the deterioration, an engine may be allowed to remain in service on a decreased-cycle inspection interval until it is determined that the deterioration is beyond limits (or its exhaust gas temperature (EGT) margin is too small) and the engine must be removed from service. 1 Causes of blade failure and/or removal are as follows: The blades removed from service can generally be repaired or refurbished two or more times. The blades can be stripped of their coatings and recoated. There is a minimum wall thickness and aerodynamic shape that must be met before the blade can be recoated. They can have minor blend repairs and new abrasive tips installed, and the roots can be shot peened. Of those T-1 blades that are scrapped, approximately 90 percent are due to under-platform stress corrosion.
III. Procedure
Sixteen high-pressure turbine (HPT) T-1 blade sets were removed from commercial aircraft engines that had been commercially flown by a single airline. These engines were brought to the maintenance shop for refurbishment or overhaul. The blades on each HPT T-1 blade set were removed and inspected for damage. The damage was cataloged into three categories related to their mode of failure:
1. Thermal-mechanical fatigue (TMF)
Oxidation/Erosion (O/E) American Institute of Aeronautics and Astronautics
Other (O)
The technician had a preset order in which to look for failure modes. The blades were first inspected for thermalmechanical fatigue (TMF). If cracks were evident on the blade, and even if other failure modes were also evident, the cause for removal was cataloged as TMF. The blades not failed from TMF were inspected for oxidation/erosion (O/E). As with those blades cataloged as being failed by TMF, those blades that exhibited O/E damage were so cataloged even where damage from other failure modes were manifested on the blade. The blades not failed for TMF or O/E were examined for damage for the other causes discussed previously. These other causes were not separately identified and were categorized and cataloged as "Other."
A list of the engine blade sets, their time at removal, their respective number of failures, and their failure modes are given in Table 2 . Of a total of 1312 blades contained in the N eng = 16 blade sets, 111 were considered to have failed, or approximately 8.5 percent of the population. Although each of these blade sets were to have been comprised of all new blades when installed in the engine, three blade sets had a mix of new blades with previously run (older) blades. The failures that were reported for the mixed blade sets did not distinguish between the older and newer blades. Ideally, the time to failure for each blade in a set should be known. More specifically, the time at which the first blade fails in a set should be known based on the assumption that at the time of the first failure, the entire set is no longer fit for its intended purpose. For these type data, these times are not available and will have to be estimated.
However, once the time to first failure in a set is determined or estimated, the distributive lives of the blades can be determined as well as the resulting lives from each failure mode.
IV. Statistical Analysis
A. Weibull Analysis
In 1939, W. Weibull 8, 9 is credited with being the first to suggest a reasonable way to estimate fracture strength with a statistical distribution function. He also applied the method and equation to fatigue data based on small sample (population) sizes. The probability distribution function identified by Weibull is as follows: Tomimatsu et al. 16 used Weibull analysis in their determination of the fracture toughness of two steels used in reactor pressure vessel fabrication. Weibull analysis and dynamic fatigue slow-crack-growth parameters were used by Osborn et al. 17 to demonstrate a significant difference in the high-temperature behavior of two silicon nitrides (SN-88 and NT164). Ostojic and Berndt 18 demonstrated that Weibull parameters such as slope and characteristic life were meaningful parameters when determining the variability of bond strengths of thermally sprayed coatings.
Holland and Zaretsky 19 used Weibull statistics to determine the fracture strength of two different batches of cast A357-T6 aluminum. The mean fracture strengths for the two batches were found to differ by an insignificant 1.1 percent. However, using a Weibull analysis they determined at the 99.9999 percent probability of survival (one failure in a million) that the actual fracture strengths differed by 14.3 percent.
Weibull analysis can also be used to evaluate preventive maintenance practices. Williams and Fec 20 studying reconditioned railroad roller bearings determined with Weibull analysis that the current practice of inspecting bearings at 200,000 miles was an acceptable practice. Summer-Smith 21 applied Weibull analysis to the service life obtained from maintenance records that identified the cause of failure of a hydrodynamically lubricated thrust bearing and a rolling-element bearing, and increased production reliability. Similarly, Vlcek et al. 22 
B. Strict-Series System Reliability Blade Life
System life prediction or the life of a single blade set can be determined using "strict-series system reliability" derived in Appendix B. 12, 23 The reliability (or probability of survival), S, and the probability of failure, F, are related by F = (1 -S). For a given time or blade set life, the reliability of an individual blade set S sys of independent blades making up the blade set is the product of the independent reliabilities of each individual blade in the blade set S i (i = 1, 2, ..., n), as shown in Eq. (2):
Where S sys is the blade set reliability, and S 1 , S 2 …S n is the reliability of each blade in the blade set. If all components have the same reliability S 1 = S 2 …= S n (as is assumed here), then Eq.(2) reduces to (2), the lives of each of the blades at a specified reliability can be combined to determine the calculated system L sys life of the set using the two-parameter Weibull distribution function (Eq. (1)) for the blades comprising the system and strict-series system reliability 13 as follows: The calculated system life is dependent on the resultant value of the system Weibull slope e.
C. Linear Damage Rule
The blade set life is calculated using Eq. (6) for each operating condition of its engine operating profile. In Appendix C is a representation of a short-duration flight profile (Fig. C.1) . In order to obtain the operational life of the blade set, the resulting system lives for each of the operating conditions (illustrated in 
It is assumed that each of the blade sets in Table 2 have Table 2 , which also has 16 entries). The most damaging condition is at take-off (TO) with the Cruise condition being the dominate time on the engine.
V. Results and Discussion
Sixteen high-pressure turbine (HPT) T-1 blade sets (N eng = 16) were removed from commercial aircraft engines that had been commercially flown by a single airline. These engines were brought to the maintenance shop for refurbishment or overhaul. The blades for these turbines were manufactured from a single-crystal nickel alloy whose chemical composition together with the chemical composition of the blade coating are given in The blades were first inspected for thermal-mechanical fatigue (TMF). If cracks were evident on the blade even if other failure modes were also evident, the cause for removal was cataloged as TMF. The remaining blades were inspected for oxidation/erosion (O/E). As with those blades cataloged as being failed by TMF, those blades that exhibited O/E damaged were so cataloged even where damage from other failure modes were manifested on the blade. The remaining blades were examined for damage for the other causes. These other causes were not identified and categorized and cataloged as "Other." The time of removal of the blade sets together with the cataloged failure mode of those blades in each set that failed is summarized in Table 2 .
D. Field Data Analysis
Weibull plots of these data for N eng = 16 based on the time of removal in flight hours and flight cycles are shown in Theoretically, the time to failure of a turbine blade set is the time at which the first blade in the set fails regardless of the cause. This is analogous to a weak link in a chain. The chain is failed when the first link fails. The problem is that we do not know when the first blade failed nor do we know for sure the time when the most recent blade failure in a particular blade set has occurred. For purpose of the analysis, assume that the most recent blade that has failed in a set fails at the time the set is removed from the engine (Table 2 , Time of removal, cycles). From this assumption, we need to determine the time at which the first blade has failed. We assumed the following scenario:
The set starts out with all new (unused) blades.
The reliability, S(t), of the last blade that fails is
In this calculation, the reliability, S(t) was estimated from the median rank of the failures, according to Eq. (9), 21 where i is the failure number and n is the number of individual blades in a set (in this case, n = 82): Although the time of the last failure in a blade set cannot be known with any reasonable certainty, it can be assumed to have occurred at or shortly before the blade set is removed from service. The time of removal of a blade set is obtained from Table 2 . Also, the number of failures in each engine blade set is given in Table 2 . As an example, for engine number 2B, the time of removal L is 1404 cycles and there are n blade = 5 failures within the blade set.
It is assumed for purposes of calculation that when the first blade failure in a blade set occurs, the blade set is no longer fit for its intended purpose even though it is still functioning. Accordingly, estimation of the time of the first failure in the blade set is a precondition for determining turbine blade life. In order to accomplish this task, it is first 
Summation of Lives of T-1 Turbine Blade Sets and Individual Blades Based on Failure Mode Using Johnson-Weibull Analysis
Weibull Parameters
Blade set life (from Table 2 These lives are summarized in Table 3 . There is an insignificant difference in the Weibull slopes between the two Weibull plots. For purposes of comparison, the slope of 5.984 derived from the time of removal in cycles was used. Based on the characteristic life, L β , for the blade set of 1608 cycles (see Table 3 column, "Estimated time to first blade failure"), the calculated characteristic life, L β , for the individual blade is 3731 cycles (see Table 3 column, "All failure modes").
From Eq.
(1) all the other blade lives for each probability of failure (survival) can be calculated.
These results are summarized in Table 3 
F. Failure Mode
The time of removal of the blade sets together with the cataloged failure mode of those blades in each set that failed is summarized in Table 2 . As previously discussed, the blades were first inspected for thermal-mechanical fatigue (TMF). If cracks were evident on the blade even if other failure modes were also evident, the cause for removal was cataloged as TMF. The remaining blades were inspected for oxidation/erosion (O/E). As with those blades cataloged as being failed by TMF, those blades that exhibited O/E damaged were so cataloged even where for the other causes. These other causes were not identified; the cause was categorized and cataloged as "Other."
The "Other" category can include creep (stress rupture), yield, fracture mechanics (flaw initiated crack), fretting (wear and fatigue), corrosion, foreign object damage (FOD), and wear (blade tip rub).
There were 111 cataloged blade failures out of a total of 1312 blades ( Table 2) Referring to engine number 6B in Table 2 , there are 40 failures attributed to "Other" and a single failure attributed to thermal-mechanical fatigue. Assume for purposes of discussion that at a time of 1843 cycles (from From recalculation of the data, the Weibull slope was increased from 5.235 to 6.237 and the blade L 10 life was decreased from 2427 cycles to 2339 cycles. These changes are considered insignificant.
If the 40 blade failures cataloged under "Other" for engine blade set 6B in Table 2 are discarded, the number of failed blades categorized under "Other" for engine blade set 6B is reduced from 66 to 26. This will reduce the total number of failed blades in Table 2 from 111 to 71. The failed blade fractions for 71 failed blades for the three categories become 0.324, 0.31, and 0.366, for Oxidation/Erosion (O/E), TMF, and "Other," respectively.
The respective blade L 10 life for each failure category in Table 3 was recalculated using Eq. (11) based on a
Weibull slope e = 6.237 and the revised blade L 10 life of 2339 cycles. For the blade life based on oxidation/erosion, the L 10 life decreased from 3278 cycles to 2802 cycles. For thermal-mechanical fatigue, the L 10 life decreased from 3278 to 2748 cycles. However, for the failure modes cataloged under "Other," the L 10 life increased from 2688 to 2822 cycles. In this scenario, if the failure modes related to oxidation/erosion and thermal-mechanical fatigue are eliminated, the blade L 10 life would be increased from 2339 to 2748 cycles, or approximately 17 percent. Again, as before, this increase in life would probably never be noticed in an actual application.
G. Simplified Life Formula
As previously discussed, there are competing failure modes that affect turbine blade life. Because of this, there was no attempt to analytically perform a life analysis based on any single failure mode to compare with the results presented. We are unaware of any published analysis of the turbine blades discussed in this paper. However, it is American Institute of Aeronautics and Astronautics possible based on the work presented herein to develop a simplified equation that will allow the user airline to estimate the life of their turbine blades for purpose of maintenance and replacement.
Of the failure modes discussed, it is our opinion that only the failure mode associated with low-cycle fatigue (i.e., thermal-mechanical fatigue (TMF)) can be measured in terms of cycles to failure with reasonable engineering certainty. High-cycle fatigue is related to the frequency of cycling, which is variable based upon gas velocity and thermal fluctuation. Also, the rate of cycling cannot be assumed with any reasonable engineering certainty much less measured. A prudent approach to the problem of high-cycle fatigue as it relates to a turbine blade application would be to assume that it is time dependent for a given engine application and operating profile. All the other failure modes discussed are also assumed to be time dependent for a given engine application and operating profile. For purposes of comparison, as the dispersion or scatter in the data increases, the Weibull slope e decreases. 10 As an example, for a normal distribution where the mean time to failure occurs at a 50 percent probability of failure, the Weibull slope e equals 3.57. For a Rayleigh distribution where the Weibull slope e equals 2, the probability of failure is 54.4 percent. For an exponential distribution, the probability of failure is 63.2 percent at a Weibull slope e equal to 1. From this trend, an empirical formula can be derived as follows:
where F m is the mean probability of failure as a fractional percent and e is the Weibull slope. 
VI. Summary of Results
Sixteen high-pressure turbine (HPT) T-1 blade sets were removed from commercial aircraft engines that had been commercially flown by a single airline. Each blade set contained 82 blades. These engines were brought to the maintenance shop for refurbishment or overhaul. The blades on each HPT T-1 blade set were removed and inspected for damage. The damage found was cataloged into three categories related to their mode of failure. These were (1) Thermal-mechanical fatigue, (2) Oxidation/Erosion, and (3) Other. From these field data, the turbine blade life was determined as well as the lives related to individual blade failure modes using Johnson-Weibull analysis. American Institute of Aeronautics and Astronautics From these data and analysis, a simplified formula for calculating turbine blade life and reliability was formulated.
The following results were obtained:
1. The following empirical equation for the L 10 individual blade life was formulated: The form of Eq. (A9) where  u is assumed to be zero is referred to as "two-parameter Weibull."
Where  u is not assumed to be zero, the form of the equation is referred to as "three-parameter Weibull." American Institute of Aeronautics and Astronautics
Appendix B-Derivation of Strict Series Reliability
As discussed and presented in Refs. 12 and 23, G. Lundberg and A. Palmgren 13 where L is the number of cycles to failure. All plots are assumed to have the same Weibull slope e. 12 The slope e can be defined as follows: where L is the total life in stress cycles or race revolutions, L 1 …L k is the life at a particular load and speed in stress cycles or race revolutions, and X 1 …X k is the fraction of total running time at load and speed. 
